Abstract. Delivery of newly synthesized membranespanning proteins to the apical plasma membrane domain of polarized MDCK epithelial cells is dependent on yet unidentified sorting signals present in the luminal domains of these proteins. In this report we show that structural information for apical sorting of transmembrane neurotrophin receptors (p75 NTR ) is localized to a juxtamembrane region of the extracellular domain that is rich in O -glycosylated serine/threonine residues. An internal deletion of 50 amino acids that removes this stalk domain from p75 NTR causes the protein to be sorted exclusively of the basolateral plasma membrane. Basolateral sorting stalk-minus p75 NTR does not occur by default, but requires sequences present in the cytoplasmic domain. The stalk domain is also required for apical secretion of a soluble form of p75 NTR , providing the first demonstration that the same domain can mediate apical sorting of both a membrane-anchored as well as secreted protein. However, the single N -glycan present on p75 NTR is not required for apical sorting of either transmembrane or secreted forms.
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I
n polarized epithelial cells, newly synthesized plasma membrane proteins are sorted into distinct transport vesicles during transit through the TGN (WandingerNess et al., 1990) . Whereas all basolateral sorting signals described to date reside in cytoplasmic domains, apical signals appear to be luminal. This conclusion is supported by findings that viral protein chimeras (McQueen et al., 1986; Roth et al., 1987) , tail-minus mutants of basolateral membrane proteins (Mostov et al., 1986; Hunziker et al,. 1991; Prill et al., 1993) , and soluble mutants of apical and basolateral membrane proteins (Mostov et al., 1987; Brown et al., 1989; Lisanti et al., 1989; Powell et al., 1991 : Corbeil et al., 1992 Vogel et al., 1992 b ; Weisz et al., 1992; Prill et al., 1993; Le Gall et al., 1997) , are all targeted to the apical membrane of polarized MDCK epithelial cells. In addition, basolateral signals are frequently composed of short, homologous sequences, many of which bear remarkable similarity to sequences involved in endocytosis . No such sequence homology has been found among apically sorted proteins, whose luminal domains tend to be large and highly folded. This makes the task of defining apical sorting information particularly daunting.
It is clear that some type of apical sorting signal must exist, and that proteins are not transported to the apical surface by default simply because they lack a basolateral targeting signal. Membrane proteins are targeted to the apical surface of MDCK cells with nearly perfect fidelity Le Bivic et al., 1990; Wessels et al., 1990; Casanova et al., 1991; Jalal et al., 1991; Wollner et al., 1992) . In contrast, secretory proteins lacking sorting information are released from these cells in a nonpolar fashion (Kondor-Koch et al., 1985; Gottleib et al., 1986; Stephens and Compans, 1986; Soole et al., 1992; Vogel et al., 1992 b ) . Certain membrane-anchored proteins also appear to lack sorting information and are randomly inserted into both apical and basolateral membranes (Hunziker et al., 1991; Haller and Alper, 1993; Mays et al., 1995; Odorizzi et al., 1996) . Furthermore, mutations that inactivate basolateral sorting signals promote random delivery of several proteins to both the apical and basolateral membranes, suggesting that transport to the apical membrane does not occur by default (Geffen et al., 1993; Prill et al., 1993; Thomas and Roth, 1994; Le Gall et al., 1997) .
Attention has focused on asparagine-linked carbohydrates as potential apical sorting signals (for review see Fiedler and Simons, 1995) . Apical secretion of several proteins appears to require the presence of N -glycans and their removal by tunicamycin treatment or site-directed mutagenesis results in nonpolar secretion (Urban et al., 1987; Musto, 1993; Kitigawa et al., 1994) . In addition, when novel N -glycanation sites were inserted into rat growth hormone, this normally nonglycosylated and randomly secreted protein was targeted to the apical membrane (Scheiffele et al., 1995) . For transmembrane proteins, the role of N -glycans in sorting remains an open issue. Early studies concluded that N -glycans are not required for apical sorting of influenza virus hemagglutinin (Roth et al., 1979; Green et al., 1981) . However, hemagglutinin requires N -glycans for proper folding and, in the presence of tunicamycin, only a minor fraction exits the ER. Furthermore, these early studies relied on morphological techniques and, consequently, failed to show that the minor pool of hemagglutinin reaching the cell surface was nonglycosylated.
In this paper, we have reexamined the role of N -glycosylation in apical sorting. The p75 neurotrophic receptor (p75 NTR ) is a type I membrane protein that belongs to a family of cell surface receptors that share structural homology within four extracellular cysteine-rich repeat domains. Stably transfected MDCK cells sort p75 NTR in the TGN and deliver the protein primarily to the apical plasma membrane (Le Bivic et al., 1991) . The protein has a single N -glycosylation site, located within the first cysteine-rich repeat (Johnson et al., 1986; Radeke et al., 1987) . This single N -glycan is not required for transport to the plasma membrane. When N -glycosylation is inhibited, p75 NTR folds and exits the ER efficiently (Grob et al., 1985; Baldwin and Shooter, 1995) . Here, we show that N -glycan minus p75 NTR is correctly sorted to the apical membrane. However, deletion of a juxtamembrane region that contains several O -glycosylated residues reverses the polarity of this protein so that the mutant receptor is targeted to the basolateral membrane domain. Our results demonstrate that N -glycans are not involved in apical sorting of p75 NTR , and that a distinct juxtamembrane region rich in O -glycans contains an apical targeting signal.
Materials and Methods

Reagents
Cell culture reagents were obtained from Gibco Laboratories (Grand Island, NY Antibodies mAb ME 20.4 against the extracellular domain of human p75
NTR (Ross et al., 1984) was produced as ascites and used at a dilution of 1:300 for immunoprecipitation and 1:500 for immunofluorescence. Rabbit polyclonal antisera against a fusion protein encoding a large portion of the cytoplasmic domain of p75 NTR were produced (kindly provided by M. Chao, Cornell University Medical College, New York). This antibody recognizes both human and rat p75 NTR and was used at a dilution of 1:250 for immunoprecipitation and 1:1,000 for immunofluorescence. Immunoprecipitation of neural cell adhesion molecule (N-CAM) 1 sol was achieved using a 1:300 dilution of a mouse anti-chicken N-CAM mAb (mAb 5e) (Developmental Studies Hybridoma Bank, Johns Hopkins University, Baltimore, MD). NTR was constructed by inserting an XhoI linker after partial digestion with HaeIII as described previously (Yan and Chao, 1991) .
Constructs
Plasmid pBJ5 vectors containing sequences encoding native rat p75 NTR and mutant forms lacking N -and/or O -glycosylation sites have been described previously (Baldwin et al., 1992; Baldwin and Shooter, 1995) .
Cell Culture and Transfection
MDCK cells, strain II, were maintained in DME supplemented with 10% fetal bovine serum, penicillin (50 U/ml), and streptomycin (50 g/ml). Cells were transfected using the DNA calcium phosphate procedure (Graham and Van der Eb, 1973) . Stable transformants were selected in 500 g/ ml active G418 (Gibco Laboratories). G418-resistant clones were isolated with cloning rings and screened for p75 NTR expression by immunofluorescent staining or by immunoprecipitation of p75 NTR from [ 35 S]cysteine labeled cells (see below). For expression of native human p75 NTR in polarized MDCK cells, the recombinant adenovirus vector AdCMVp75 was applied apically to filter-grown cultures at a multiplicity of infection of 10 plaque formation units (pfu)/cell, as described previously (Yeaman et al., 1996) .
Immunofluorescence and Confocal Microscopy
MDCK cells, cultured on 12-mm-diam Transwell filters (Costar Corp., Cambridge, MA) for 4 or 5 d, were fixed in 2% paraformaldehyde in Dulbecco's PBS solution containing 1.8 mM Ca 2 ϩ and 0.5 mM Mg 2 ϩ (CM-PBS). Cells were permeabilized with 0.075% saponin in CM-PBS containing 0.2% BSA, incubated with rabbit anti-p75 NTR cytoplasmic domain antibodies, and diluted 1:1,000 in the same buffer. After washes with CM-PBS-saponin-BSA, filters were incubated with fluorescein-conjugated goat antirabbit IgG and RNase (DNase-free; Boehringer-Mannheim Biochemicals), each diluted 1:200 in CM-PBS-saponin-BSA. Nuclei were subsequently labeled with propidium iodide. Immunofluorescent images were collected using a confocal microscope (Molecular Dynamics, Sunnyvale, CA).
Steady State Localization of Native and Mutant p75 NTR
Apical and basolateral plasma membrane proteins were biotinylated as described previously (Sargiacomo et al., 1989) . Briefly, confluent monolayers of MDCK cells on filters (Transwell; Costar Corp.) were washed thrice in ice-cold CM-PBS. 500 g/ml sulfo-NHS-SS-biotin, diluted from a 200-mg/ml stock in DMSO, was added to either apical (0.67 ml) or basolateral (1.33 ml) chambers. For biotinylation of ⌬ BS tail-minus p75 NTR , nonreducible NHS-LC-biotin was used to facilitate later detection with radioiodinated streptavidin. Surfaces not receiving biotin were incubated in CM-PBS alone. Filters were incubated 20 min on ice, and then fresh buffer and biotin was applied and filters were incubated another 20 min. Biotinylation reactions were quenched by washing cells in five changes of CM-PBS containing 50 mM NH 4 Cl and 0.2% BSA.
1. Abbreviations used in this paper : N-CAM, neuronal cell adhesion molecule; pfu, plaque formation units.
Filters were excised from plastic collars and monolayers solubilized by incubation for 1 h at 4 Њ C in lysis buffer (150 mM NaCl, 20 mM TrisHCl, pH 8.0, 5 mM EDTA, 1% Triton X-100, 0.2% BSA, and a protease inhibitor cocktail including 1 mM PMSF and 10 g/ml each of antipain, pepstatin A, and leupeptin). Extracts were precleared by incubation for 1 h with fixed Staphylococcus aureus cells (Pansorbin), and cleared supernatants were incubated with avidin-agarose for 2 h at 4 Њ C with end-over-end rotation. Avidin-agarose precipitates were washed as described previously for immunoprecipitates . Bound proteins were released from beads by boiling in SDS-PAGE sample buffer containing 100 mM dithiothreitol, separated by SDS-PAGE, and transferred to membranes (Immobilon-P; Millipore Corp., Waters Chromatography, Milford, MA). Blots were incubated with rabbit anti-p75 NTR cytoplasmic domain antiserum followed by 125 I-goat anti-rabbit IgG. Bound secondary antibody was quantified using a phosphorimager (Molecular Dynamics, Inc.).
Targeting of Metabolically Labeled Proteins
To examine initial delivery of proteins to apical and basolateral membrane domains, a biotin targeting assay was used (Le . Briefly, 4 or 5-d-old filter-grown cultures were pulse labeled for 20 min in [ 35 S]cysteine and chased for various times in medium containing excess unlabeled cysteine. At each chase time, filters were placed on an ice bath, biotinylated from the apical or basolateral surface, lysed, and precleared as described above. For immunoprecipitation of rat p75 NTR proteins, lysates were incubated overnight with rabbit anti-p75 NTR antiserum (diluted 1:250) and immune complexes were collected by incubation for 2 h with protein A-Sepharose (5 mg/ml). Immunoprecipitations of human p75 NTR proteins were performed with a mouse mAb (ME 20.4, diluted 1:300), and immune complexes were collected by incubation for 2 h with protein A-Sepharose (5 mg/ml) precoupled to rabbit anti-mouse IgG. Immunoprecipitates were eluted by boiling in 5% SDS, diluted 50-fold with lysis buffer, and then biotinylated proteins were recovered by reprecipitation with avidin-agarose. Proteins were separated by SDS-PAGE and analyzed with a phosphorimager (Molecular Dynamics Inc.).
Endoglycosidase Digestion
After immunoprecipitation, proteins were eluted from protein A-Sepharose beads by boiling in 0.1% SDS and then diluted 10-fold in digestion buffer (20 mM sodium phosphate, pH 7.2, containing 1% Triton X-100 and protease inhibitors). Deglycosylation was achieved by addition of 0.4 U N -glycosidase F or 2.5 mU O -glycosidase (EC 3.2.1.97) and 2 mU neuraminidase (EC 3.2.1.18) in a total volume of 100 l. Digests were incubated at 37 Њ C overnight and received fresh enzyme after the first 6 h.
Results
P75
NTR Lacking N-glycans Is Correctly Sorted to the Apical Domain of Polarized MDCK Cells
P75
NTR has a single glycosylated asparagine residue located in the first cysteine repeat and a cluster of serine/ threonine-linked sugars in a juxtamembrane stalk region ( Fig. 1 ). This protein is sorted in the TGN and targeted to the apical membrane of polarized MDCK cells (Le Bivic et al., 1991) . To determine whether the N -glycan is necessary for apical sorting of p75 NTR , we monitored surface delivery of the N -glycan minus protein using a biotin targeting assay . In these experiments, human p75 NTR was introduced into MDCK cells by adenovirus-mediated gene transfer, but the polarity and kinetics with which protein is delivered to the plasma membrane are identical to those previously reported for stably transfected MDCK cells (Le Bivic et al., 1991) .
Treatment of cells with 10 g/ml tunicamycin reduces the apparent mass of precursor (62 kD; ER) and mature (75 kD; Golgi) forms of p75 NTR by ‫ف‬ 3-6 kD, compatible with the loss of one high mannose or completely processed N -glycan, respectively (Fig. 2 A ) . The tunicamycin-insensitive difference in molecular weight between precursor and mature forms, ‫ف‬ 10 kD, corresponds to a cluster of O -linked carbohydrates added in the Golgi (Figs. 1 and 3). By monitoring the shift in mol wt that accompanies acquisition of O -linked carbohydrates, it is possible to measure the kinetics with which p75 NTR is transported from the ER to the Golgi in the absence or presence of tunicamycin. This analysis reveals that in untreated cells, p75 NTR is converted from ER to Golgi form with a half-time of ‫ف‬ 40 min after a 20-min pulse label (Fig. 2 B ) . In the presence of tunicamycin, N -glycan minus p75
NTR is transported to the Golgi with nearly identical kinetics, although a slightly greater amount of immature ER form remains after a 3-h chase (Fig. 2 B ; 18% of total p75, compared with 12% in the control cells). Therefore, the N -glycan does not appear to be required for correct folding and ER-to-Golgi transport of the major pool of p75 NTR , and tunicamycin treatment does not cause a significant retention of misfolded p75 NTR in the ER during short pulse label conditions used in targeting assays. These results are in close agreement with the previously published kinetics of p75 NTR transport in A875 cells, in which the Golgi form appeared after a chase of 30 min in the absence or presence of 10 g/ml tunicamycin (Grob et al., 1985) . We attribute the accumulation of immature protein observed in Fig. 2 A to the fact that cells were pretreated for 2.5 h and then labeled for 4 h in the continued presence of tunicamycin in this experiment. This prolonged treatment likely caused accumulation of other misfolded proteins in the ER that may reduce the efficiency with which p75 NTR is transported to the Golgi as a secondary consequence.
To determine whether N -glycan minus p75 NTR is sorted to the apical membrane domain, arrival of newly synthesized proteins at the cell surface was monitored by domain-selective biotinylation. During the first hour of chase after pulse labeling of cells, little surface p75 NTR was detected in cells treated with or without tunicamycin (Fig. 2  C ) . Over the subsequent 2-h chase, labeled p75 NTR was inserted into plasma membrane with similar kinetics and efficiencies in cells cultured in the absence or presence of tunicamycin, as determined by assessing the relative amount of labeled p75
NTR that is accessible to biotinylation at each time point. These results are consistent with previously published studies (Grob et al., 1983 (Grob et al., , 1985 . Moreover, p75
NTR is primarily delivered to the apical membrane domain at each time point, irrespective of N -glycosylation (Fig. 2 C ) . Therefore, the N -glycan does not appear to be necessary for apical sorting of p75 NTR . To confirm results from experiments using tunicamycin, the distribution of rat p75 NTR was determined after the native N -glycosylation site was removed by site-directed mutagenesis (Fig. 1) . N -glycosidase treatment of p75 NTR immunoprecipitated from cells expressing this mutant (N32D) confirmed that the protein lacks N -glycans (Fig. 3) . The point mutation does not promote misfolding and retention in the ER because kinetics of ER-to-Golgi transport, measured as the acquisition of O -glycans in the Golgi, are identical for native rat and N32D p75 NTR proteins (halftime ϭ 35-40 min). Furthermore, immunofluorescent staining of cells expressing N32D p75 NTR shows clear surface localization; no ER staining has been observed (Fig. 4) . Finally, it was shown previously that COS 7 cells expressing N32D p75
NTR showed wild-type levels of NGF binding to the cell surface as assessed by cross-linking and equilibrium binding experiments (Baldwin and Shooter, 1995) .
Site-directed mutagenesis of the single N -glycosylation site does not significantly alter apical polarity of p75 NTR . Immunofluorescent staining is primarily confined to the apical surface of MDCK cells expressing both native and N32D p75 NTR forms (Fig. 4) . Quantitation of steady state distribution of N32D p75
NTR by domain-selective biotinylation, streptavidin precipitation, and immunoblotting reveals that 70-80% of the protein is localized to the apical surface (Fig. 5) . Since neither tunicamycin treatment of cells nor mutation of the native N -glycosylation site compromises apical sorting of p75 NTR , it is unlikely that the N -glycan is the main apical sorting determinant for this protein.
Apical Sorting of p75 NTR in the TGN Is Dependent on the O-glycosylated Membrane Stalk Domain
The mature form of p75 NTR contains O -glycoside-linked oligosaccharides, clustered in the serine/threonine-rich stalk domain immediately adjacent to the membranespanning segment (Johnson et al., 1986; Radeke et al., 1987) . Sugars exposed at this location could interact with putative membrane-sorting receptors or lipid domains involved in sorting. To determine whether this juxtamembrane region is responsible for apical sorting of p75 NTR , mutant receptors lacking most of this domain ( ⌬ BS, deleted of amino acids 168-218) or both the O -glycan domain and the N -glycan (N32D/ ⌬ BS) were expressed by stable transfection into MDCK cells (Fig. 1) . These pro- NTR was immunoprecipitated from cell lysates and subjected to SDS-PAGE as described in Materials and Methods. (B) ER-to-Golgi transport and (C) polarized targeting of p75 NTR in the absence or presence of tunicamycin. Adenovirusmediated gene transfer into filter-grown MDCK with 50 pfu/cell AdCMVp75 was performed 48 h before experiment. Cells were pretreated 2 h with or without 10 g/ml tunicamycin, starved in cysteine-free medium for 30 min and then pulse labeled with [ 35 S]cysteine for 20 min in the continued presence of tunicamycin, where indicated. After the pulse, cultures were chased in the continued presence or absence of tunicamycin. At indicated chase times, filters were placed on ice and subjected to domain-selective biotinylation. p75
NTR was immunoprecipitated from cell lysates and surface-labeled protein was recovered on streptavidin-agarose. Aliquots of immunoprecipitates from apically biotinylated cells are shown in B, and streptavidin-agarose precipitates from the same samples and from basolaterally biotinylated cells are shown in C. Position of albumin standard (66 kD) is indicated in B. Quantitation reflects the average of duplicate experiments, one of which is represented by gels shown in figure. teins were previously shown to retain NGF binding activity and to be recognized by two conformation-sensitive mAbs directed to the NGF binding domain (Baldwin et al., 1992; Baldwin and Shooter, 1995) . Therefore, proper folding and export of p75 NTR from the ER does not appear to require the serine/threonine-rich stalk domain.
Assessment of glycanation status of the mutant receptors ( Fig. 3) confirmed that both native-and stalk-deleted forms (⌬BS) were sensitive to N-glycosidase. Replacement of asparagine 32 with aspartic acid eliminated the native glycosylation site and caused proteins carrying this mutation (N32D and N32D/⌬BS) to become resistant to N-glycosidase treatment. Presence of O-glycans was evaluated by digestion with a combination of O-glycosidase and neuraminidase. Both native and N32D p75 NTR forms (Fig.  3) were sensitive to O-glycosidase. However, the electrophoretic mobility of proteins in which the region between amino acids 168-218 was deleted was unaffected by O-glycosidase/neuraminidase treatment, indicating that all potential serine/threonine glycosylation sites had been removed.
Indirect immunofluorescence and laser-scanning confocal microscopy of cells stained with antibodies against p75 NTR demonstrates that neither N-nor O-glycosylation is required for surface expression of this protein (Fig. 4) . However, the membrane domain in which p75
NTR accumulates is profoundly affected by the presence of the O-glycosylated membrane stalk domain. En face images reveal a clear punctate apical staining in cells expressing native and N32D p75 NTR . Vertical sections clearly show intense, specific fluorescence on the apical membrane. In striking contrast, cells expressing either ⌬BS p75 NTR or N32D/⌬BS p75 NTR show most intense, specific fluorescent staining on the basolateral membrane. Little or no specific apical staining is detected in these cells.
To confirm and quantify these steady state distributions, domain-selective biotinylation and immunoblotting were performed as described in Materials and Methods. Native rat p75
NTR was predominantly (80%) located on the apical membrane domain, in agreement with results obtained with the human receptor (Fig. 5) . On the other hand, Ͻ10% of surface p75 NTR was biotinylated on the apical membrane in cells expressing either ⌬BS p75 NTR or N32D/ ⌬BS p75 NTR (Fig. 5) . Most of the protein at the surface of these cells (Ͼ90%) was labeled from the basolateral surface.
The reversed polarity of ⌬BS p75 NTR observed at steady state could be a consequence of a change in TGN sorting or in events occurring after arrival at the plasma membrane, such as selective stabilization of the mutant form on the basolateral surface or selective removal from the apical surface. Targeting of metabolically labeled protein was examined to determine whether a change in TGN sorting contributes to this reversed polarity (Fig. 6) . In cells expressing native rat p75 NTR , Ͻ20% of newly synthesized receptor could be detected upon basolateral membrane biotinylation, whereas Ͼ80% was labeled during biotinylation of the apical membrane domain (Fig. 6 A) . In contrast, Ͼ90% of newly synthesized ⌬BS p75 NTR was labeled from the basolateral surface and almost none was labeled by apically applied biotin (Fig. 6 B) . This result indicates that ⌬BS p75 NTR is vectorially targeted to the basolateral membrane domain from the TGN, and suggests that structural information for apical sorting of p75 NTR is contained in a region between residues 168-218 in the extracellular domain.
We reported previously that deletion of amino acids 203-215 within the stalk domain did not affect apical sorting of human p75 NTR (Le Bivic et al., 1991) . Although it is true that deletion of residues 203-215 removes a cluster of potentially glycosylated amino acids, the mutant receptor (BE p75 NTR ) still retains nine serine/threonine residues within the region spanning residues 168-218 (Table I) . To further define the size of the domain involved in apical sorting, a third mutant was constructed, in which amino acids 193-215 were deleted (Fig. 1) . This protein retains 10 of the 16 serine/threonine residues present in the native receptor and contains O-linked oligosaccharides (Table I) . Cell surface biotinylation revealed that the steady state distributions of ⌬193-215 p75 NTR in two independently isolated clones were 80-85% apical and 15-20% basolateral (Fig. 7 A) . These distributions reflect direct delivery from the TGN, because targeting of metabolically labeled protein occurs primarily to the apical surface domain (Fig.   7 B) . Therefore, apical sorting information is likely contained within a region spanning residues 168-193 or 216-218.
The O-glycosylated Domain Is Required for Apical Secretion of Soluble p75 NTR Apical sorting of p75 NTR is associated with possession of an O-glycosylated juxtamembrane domain but not with possession of an N-glycan. However, N-glycans are proposed to be involved in apical sorting of some secretory proteins (Urban et al., 1987; Kitigawa et al., 1994; Scheiffele et al., 1995) . It is possible that N-glycans serve as sorting determinants for secreted apical proteins, but that membrane-anchored proteins rely on other types of apical sorting signals, such as an O-glycosylated domain or a glycosyl-phosphatidylinositol anchor (Lisanti et al., 1991) . If this were true for apical secretion in general, then a soluble form of p75 NTR would be expected to use an N-glycan as an apical sorting signal. To address this possibility, MDCK cells were stably transfected with a cDNA encoding p75 NTR sol , a truncated protein that lacks both the transmembrane and cytoplasmic domains (Fig. 1) . p75 NTR sol is secreted largely (80%) into the apical medium (Fig. 8 A) . When cells are treated with tunicamycin, nonglycosylated p75 NTR sol continues to be secreted apically (85%). A truncated form of the basolateral protein N-CAM is also apically secreted (85%) in transfected MDCK cells (Fig. 8 B; Le Gall et al., 1997) . In cells treated with tunicamycin, N-CAM sol exits the ER poorly (data not shown). However, the fraction of N-CAM sol that is secreted (5-10% of control levels) is directed apically (90%). Therefore, for anchor-minus forms of two glycoproteins, routing into the apical pathway occurs independently of N-glycosylation.
Since the O-glycosylated membrane stalk domain is required for apical sorting of membrane-anchored p75 NTR , it is possible that this motif is also involved in apical secretion of the soluble protein. To test this hypothesis, a soluble form of p75 NTR lacking the O-glycosylated domain was expressed in MDCK cells (Fig. 1) . The resulting protein, ⌬BS p75 NTR sol , consisting of just the cysteine-rich domain, is secreted in a nonpolarized fashion in three independent clones (Fig. 9 A) . A time course of secretion showed an equivalent level of ⌬BS p75 NTR sol recovered in apical and basolateral media over a 2.5-h chase period (Fig. 9 B) . This is in contrast with soluble p75 NTR containing the serine/ threonine domain, which is approximately fivefold more abundant in the apical medium at time points later than 30 min (Fig. 9 B) . It is worth noting that ⌬BS p75 NTR sol is N-glycosylated because tunicamycin treatment of cells results in expression of protein with an increased electrophoretic mobility (Fig. 9 A) . Nevertheless, the N-glycan does not mediate apical sorting of this protein. NTR were grown on filters for 5 d and then subjected to domain-selective biotinylation with NHS-SS-biotin as described in Materials and Methods. Biotinylated proteins were precipitated from cell lysates with avidin-agarose and resolved by SDS-PAGE. Electrophoretic protein transfers were probed with rabbit polyclonal antibodies against the cytoplasmic domain of p75 NTR and detected with 125 I-anti-rabbit IgG. Blots were analyzed with a Molecular Dynamics phosphorimager. Bars represent the mean Ϯ SD of multiple determinations from three separate experiments (n ϭ 8).
Figure 6. ⌬BS p75
NTR is targeted directly to the basal-lateral domain of MDCK cells. Polarized MDCK cultures stably expressing (A) native rat p75 NTR or (B) ⌬BS rat p75 NTR were starved in cysteine-free medium for 30 min and then pulse labeled with [ 35 S]cysteine for 20 min. After the pulse, cultures were chased in medium containing an excess of unlabeled cysteine. At indicated chase times, filters were placed on ice and incubated with NHS-SS-biotin either in the apical or basolateral medium. p75 NTR was immunoprecipitated from cell lysates and surface-labeled protein was recovered on streptavidin-agarose. Images shown were obtained after exposure of the gel to Kodak XAR-5 film (A) or Molecular Dynamics phosphorimager screen (B). 
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A second consequence of removing the juxtamembrane serine/threonine-rich segment from p75 sol is that ER-to-Golgi transport is slowed. In cells expressing ⌬BS p75 NTR sol , protein is secreted from cells with a half-time of ‫2ف‬ h, and ‫%04ف‬ of the protein remains associated with the cell layer after 2.5 h of chase (Fig. 9, A and B) . These kinetics are significantly slower than the exit time observed for p75 NTR sol containing the serine/threonine domain. This protein is secreted from cells with a half-time of ‫1ف‬ h, and only 12% of the protein remains in the cells after 2.5 h of chase (Fig. 9 B) . Cell-associated ⌬BS p75 NTR sol has a slightly faster electrophoretic mobility than that of the secreted protein, and is sensitive to tunicamycin, suggesting that it bears an N-glycan that has not received terminal modifications (Fig. 9 A) . This protein likely represents a precursor form in the ER because it is sensitive to digestion with Endo H, and immunofluorescent staining of cells shows a clear ER distribution of the protein (data not shown). Therefore, removal of the serine/threonine-rich domain from p75 NTR sol (but not from native p75 NTR ), apparently reduces the efficiency of ER-to-Golgi transport relative to proteins containing this domain. This may be due to protein misfolding or to removal of sequences required for efficient export from the ER. It must be stressed, however, that two-thirds of pulse-labeled ⌬BS p75 NTR sol is secreted into the medium during a 3-h chase. This appears in equal amounts in apical and basolateral mediums, demonstrating that the major pool of p75 NTR sol is secreted but not sorted upon removal of the serine/threonine-rich domain.
Basolateral Transport of Stalk-Minus p75 NTR Is Dependent on Cytoplasmic Domain Sequences
A surprising aspect of these observations is that the consequence of removing the O-glycosylated stalk domain is not identical for transmembrane and soluble forms of p75 NTR . Stalk-minus p75 NTR lacking transmembrane and cytoplasmic domains is secreted from cells in a nonpolar fashion, but the same protein containing these domains is targeted to the basolateral membrane (Fig. 1) . This suggests that sequences present in either the transmembrane or cytoplasmic domain are required for basolateral sorting of p75 NTR when the O-glycosylated stalk is deleted. To address this possibility, we examined the polarity of ⌬BS p75 NTR lacking the cytoplasmic domain. ⌬BS tail-minus p75 NTR has a deletion of the entire cytoplasmic domain with the exception of five amino acids closest to the membrane (Fig. 1) . In earlier published results, it was shown that p75 NTR lacking the cytoplasmic domain was apically sorted, presumably because the O-glycan domain was present ( Fig. 1; XI p75 NTR ; Le Bivic et al., 1991) . However, when the cytoplasmic domain and the O-glyco- NTR were starved in cysteine-free medium for 30 min and then pulse labeled with [
35 S]cysteine for 20 min. After the pulse, cultures were chased in medium containing an excess of unlabeled cysteine. At indicated chase times, filters were placed on ice and incubated with NHS-SS-biotin either in the apical or basolateral medium. ⌬193-215 p75 NTR was immunoprecipitated from cell lysates with an antibody against the cysteine-rich domain (ME 20.4) and surface-labeled protein was recovered on streptavidin-agarose. sylated membrane stalk domain are simultaneously deleted, the resulting protein is expressed in a nonpolarized fashion (Fig. 10 A) . In two independent clones, steady state distributions of ⌬BS tail-minus p75 NTR were 40-45% apical and 55-60% basolateral. These distributions likely reflect direct insertion of newly synthesized protein into both the apical and basolateral membrane domains at roughly equivalent levels. Metabolic targeting of newly synthesized ⌬BS tail-minus p75 NTR shows that approximately equal levels of protein appear on apical and basolateral membranes after 2 h of chase, although the protein is detected on the basolateral surface earlier than the apical surface (Fig. 10 B) . Therefore, basolateral sorting of ⌬BS p75 NTR appears to require sequences present in the cytoplasmic domain.
Discussion
Very solid evidence supports the involvement of a mannose-6-phosphate N-glycan in lysosomal targeting (Kornfield and Mellman, 1989) . In contrast, evidence in support of N-glycan participation in protein targeting to the cell surface is very controversial. Recent work has highlighted a possible role of N-glycans in apical targeting of certain secretory proteins (for review see Fiedler and Simons, 1995) . It was proposed that N-glycans may serve as apical sorting determinants for influenza hemagglutinin nearly two decades ago (Rodriguez-Boulan and Sabatini, 1978) . However, when this hypothesis was tested directly, it was concluded that specific sorting information for hemagglutinin was not inherent in the N-glycans, but was likely contained in the polypeptide (Roth et al., 1979; Green et al., 1981) . Since that time, no data has been reported to suggest otherwise for transmembrane apical proteins.
In the current study, we have reconsidered a potential role for N-glycans in apical sorting of one membranespanning protein, the neurotrophin receptor p75 NTR . The principle advantage in using this protein for our studies is that it has a single N-glycan, that facilitates mutational analysis. It is also clear from the current study, as well as previous studies, that N-glycosylation is not required for proper folding and export of p75 NTR from the ER (Grob et al., 1985; Baldwin et al., 1992) . Therefore, consequences of N-glycosylation on apical protein sorting per se can be studied independently of general effects on folding and secretion. Results of these studies are inconsistent with a role for N-glycans in apical sorting of p75 NTR . Instead, an apical sorting determinant appears to be located in a re- NTR with an internal deletion of the O-glycosylated membrane stalk domain (amino acids 168-218) and truncated at amino acid 248 were grown on filters for 5 d. (A) Cultures were subjected to domain-selective biotinylation with NHS-LC-biotin. ⌬BS p75 tail-minus was immunoprecipitated from cell lysates with a mAb against the cysteine-rich domain (ME 20.4) and resolved by SDS-PAGE. Electrophoretic protein transfers were probed with 125 I-streptavidin. Blots were analyzed with a Molecular Dynamics phosphorimager. Bars (% apical, light grey, and % basolateral, dark grey, respectively) represent the mean Ϯ SD of triplicate determinations in a representative experiment. Results obtained with two independent clones are shown. (B) Stably transfected MDCK cultures expressing ⌬BS p75 tail-minus were starved in cysteine-free medium for 30 min and then pulse labeled with [
35 S]cysteine for 20 min. After the pulse, cultures were chased in medium containing an excess of unlabeled cysteine. At indicated chase times, filters were placed on ice and incubated with NHS-SS-biotin either in the apical or basolateral medium. ⌬BS p75 tail-minus was immunoprecipitated from cell lysates and surface-labeled protein was recovered on streptavidin-agarose. % apical and % basolateral indicated by closed squares () and closed circles (᭹), respectively. gion of the external domain of the protein spanning residues 168-193. This region is rich in serine/threonine residues, many of which are O-glycosylated, but it must be stressed that there is insufficient data at present to propose that the sugars themselves mediate apical sorting of p75 NTR .
N-glycans Are Not Necessary for Apical Sorting of Membrane-anchored or Soluble Forms of p75 NTR
Quantitative analysis of the effects of N-glycosylation on polarized sorting of apical membrane glycoproteins has never been reported. The data presented here demonstrate conclusively that N-glycans are not involved in apical sorting of p75 NTR . First, newly synthesized p75 NTR is inserted into the apical membrane domain irrespective of N-glycanation status. Tunicamycin treatment neither slows the rate nor alters the polarity with which receptors are delivered to the apical membrane. Site-directed mutagenesis of the single N-glycanation site on p75 NTR does not affect its apical distribution. Second, receptors lacking the juxtamembrane stalk are efficiently targeted to the basolateral surface even though they are N-glycosylated. Finally, receptors lacking both the O-glycosylated stalk and the cytoplasmic domain are inserted randomly into apical and basolateral surfaces with no polarity, even though they still possess N-glycans. Therefore, the single N-glycan is not an apical sorting determinant for p75 NTR . It is well documented that anchor-minus forms of both apical and basolateral proteins are secreted apically (Mostov et al., 1987; Brown et al., 1989; Lisanti et al., 1990; Powell et al., 1991; Corbeil et al., 1992; Vogel et al., 1992b; Weisz et al., 1992; Prill et al., 1993) . It was recently speculated that N-glycans represent a general signal for apical sorting of these proteins (Fiedler and Simons, 1995) . However, the present report is the first study in which a role for N-glycans in apical sorting of anchor-minus forms of membrane proteins was tested directly. Soluble forms of both p75 NTR and N-CAM were apically sorted and secreted by cells cultured in the absence or presence of tunicamycin. In cultures treated with tunicamycin, p75 NTR was efficiently secreted. In contrast, soluble N-CAM was poorly secreted, most likely due to misfolding in the ER. However, the polarity with which each of these proteins was secreted was nearly identical in tunicamycin treated and untreated cultures. These data suggest that signals other than N-glycans direct these proteins into the apical pathway. In the case of p75 NTR , the signal appears to be contained within the region spanning residues 168-218, the same domain that is associated with apical sorting of the membrane-anchored protein. N-CAM does not possess a serine/threonine-rich region and is not O-glycosylated (Cunningham et al., 1987) . Therefore, it is likely that a novel type of signal mediates apical sorting of this protein.
These results confirm and extend conclusions that we and others presented previously, that N-glycans are not necessary for apical sorting of influenza virus hemagglutinin (Roth et al., 1979; Green et al., 1981) . Our findings are also consistent with reports that apical sorting of several other proteins is independent of N-glycosylation (Lisanti et al., , 1990 Ullrich et al., 1991; Ragno et al., 1992; Gonzalez et al., 1993) , and that many N-glycosylated proteins are poorly sorted in MDCK cells Soole et al., 1992; Geffen et al., 1993; Haller and Alper, 1993; Thomas et al., 1993; Le Gall et al., 1997) . However, these data are not inconsistent with the possible involvement of N-glycans in sorting of a subset of apical proteins (Urban et al., 1987; Kitigawa et al., 1994; Scheiffele et al., 1995) . Nevertheless, it is clear that N-glycans do not represent a general signal for apical sorting.
A Juxtamembrane Region in the External Domain of p75 NTR is Required for Apical Sorting
The extracellular domain of p75 NTR is composed of four cysteine-rich repeat segments that constitute the NGFbinding domain, which are connected to the membranespanning domain by a spacer, or stalk, of 60 amino acids that are not required for NGF binding (Baldwin et al., 1992) . Deletion of the cysteine-rich repeats does not compromise apical sorting of the receptor in MDCK cells (Monlauzer L. and A. Le Bivic, unpublished observations) . Furthermore, a construct comprising only the four cysteine-rich repeats is poorly sorted and secreted from both apical and basolateral surfaces equivalently (Fig. 9 ). Therefore, structural information for apical sorting of p75 NTR does not appear to be contained within the cysteine-rich repeats.
In contrast, deletion of 51 amino acids from within the juxtamembrane stalk domain reverses apical sorting of the protein in transfected MDCK cells. Since the mutant receptor is targeted directly to the basolateral membrane, it is likely that apical sorting information is contained within the region spanning residues 168-218. Nearly one-third of the residues within this region are serines or threonines, many of which are O-glycosylated. Previously, we reported that receptors deleted of amino acids 203-215 were sorted and delivered to the apical surface of MDCK cells with the same efficiency as native p75 NTR (Le Bivic et al., 1991) . Although deletion of residues 203-215 was considered sufficient to remove a cluster of sites for attachment of O-linked sugars and suggested to us that these moieties were not required for apical sorting of p75 NTR , it is now evident that the deletion left intact a structural domain necessary for apical sorting of this protein. We attribute this oversight to the fact that the focus of our previous study was on a novel cytoplasmic sequence mediating basolateral sorting and rapid endocytosis of p75 NTR . A third deletion mutant lacking residues 193-215 was constructed to further define the boundaries of the apical sorting determinant. This protein has a truncated stalk of 37 amino acids between the last cysteine residue and the membrane-spanning segment. Like native p75 NTR , proteins deleted of residues 193-215 are sorted and delivered primarily (80%) to the apical membrane domain. Therefore, we conclude that the apical sorting signal is likely contained within the region spanning either amino acids 168-193 or 216-218. The precise structural determinants within the juxtamembrane stalk region that are required for apical sorting have not yet been identified. The most conspicuous feature of this domain is the presence of 16 serines and threonines (Table I) . Most of these likely serve as attachment sites for O-glycans (Hansen et al., 1995) . Therefore, either specific amino acids or sugar moieties within the stalk potentially contribute to the activity of the apical signal. One possibility is that a minimum number of glycosylated serine/threonine residues is required within the juxtamembrane domain to form a critical conformation. O-glycosylated regions adopt extended conformations resembling semiflexible rods with a length of ‫5.2ف‬ angstroms per amino acid residue (Jentoft, 1990) . Such a structure could be required to hold the cysteine-rich neurotrophin binding domain away from the lipid bilayer and surrounding glycocalyx, possibly to allow apical sorting machinery to interact with signals present in the stalk domain. In the absence of such spacing, apical signals may not be recognized for steric reasons, and the protein is sorted basolaterally.
Juxtamembrane serine/threonine-rich domains are present in several apical membrane proteins, including sucrase-isomaltase (Hunziker et al., 1986) , aminopeptidase N (Olsen et al., 1988) , and decay-accelerating factor (Medof et al., 1987) . Other apical membrane proteins, including maltase-glucoamylase (Naim et al., 1988) , ␥-glutamyltranspeptidase (Blochberger et al., 1989) , and mucins such as gp40 (Zimmer et al., 1995) are O-glycosylated, although serine/threoninerich domains have not been described on these proteins. However, there is currently no evidence that a stalk region is required for apical sorting of any protein with the exception of p75 NTR . Indeed, there are data in the literature that are inconsistent with the model that this motif serves as a general apical signal. An anchor-minus form of aminopeptidase N is secreted in a polarized manner into the apical medium of MDCK cells (Vogel et al., 1992b) . Deletion of the serine/threonine-rich stalk does not inhibit apical sorting of the catalytic head group, suggesting either that the stalk does not contain an apical sorting signal or that redundant sorting information is contained in both the stalk and the catalytic head group (Vogel et al., 1992a) . Furthermore, mutant transferrin receptors lacking a basolateral sorting signal are randomly distributed on apical and basolateral surfaces of MDCK cells despite the presence of O-glycans in the external domain (Odorizzi et al., 1996) . Although these observations do not exclude the possibility that a juxtamembrane region rich in glycosylated serine/ threonine residues mediates apical sorting of a family of proteins, it is clear that further studies are required to address this issue.
A Hierarchy of Sorting Signals Determines the Polarized Distribution of p75 NTR in MDCK Cells
Deletion of residues 168-218 from the external domain of p75 NTR reverses its sorting from apical to basolateral in polarized MDCK cells. Stalk-minus p75 NTR is targeted to the basolateral membrane domain with nearly perfect fidelity, suggesting either that a basolateral sorting signal is present in the mutant receptor or that ⌬BS p75 NTR is sent basolaterally by default. Two observations support the former explanation: (a) truncation of stalk-minus receptors at residue 251 causes random insertion of proteins into both apical and basolateral membrane domains; and (b) the default pathway in MDCK cells is not basolateral. Proteins that lack any sorting information are sent to both apical and basolateral membrane domains at roughly equivalent levels (Kondor-Koch et al., 1985; Gottleib et al., 1986; Stephens and Compens, 1986; Soole et al., 1992; Haller and Alper, 1993; Mays et al., 1995; Odorizzi et al., 1996) . Therefore, the cytoplasmic domain of p75 NTR appears to contain structural information to specify basolateral sorting of receptors lacking juxtamembrane serine/threoninerich domains. Since the native receptor is sorted apically with ‫%58ف‬ fidelity, it is clear that basolateral sorting signals do not function efficiently in receptors containing O-glycosylated stalks. Therefore, it seems likely that cytoplasmic sequences are recessive to apical sorting information contained within the stalk domain.
Although the apical sorting signal contained in the juxtamembrane stalk domain of p75 NTR appears to be dominant over basolateral sorting information in the cytoplasmic domain, several observations indicate that this apical sorting signal is recessive to other known basolateral sorting signals. First, we reported previously that an internal deletion in the cytoplasmic domain of p75 NTR that places a tyrosine in a charged environment next to the membrane reverses the polarity of the protein so that mutant receptors are targeted basolaterally, even though these proteins contain an O-glycosylated domain (Le Bivic et al., 1991) . This suggests that tyrosine-dependent basolateral signals likely have a higher affinity for sorting machinery than the apical sorting signal on p75 NTR . Furthermore, the tyrosineindependent basolateral sorting signal in the cytoplasmic domain of N-CAM can redirect chimeras containing this signal fused to the transmembrane and luminal domains of p75 NTR into the basolateral pathway (Le Gall et al., 1997) . Finally, receptors for both polymeric immunoglobulin and low density lipoprotein contain juxtamembrane serine/ threonine-rich domains similar to that of p75 NTR , but are nonetheless targeted basolaterally due to the presence of dominant basolateral sorting signals in the cytoplasmic domain (Casanova et al., 1991; Hunziker et al., 1991) .
On the basis of these observations, we propose that there exists a hierarchy of three types of sorting determinants in transmembrane proteins: dominant basolateral signals, consisting of tyrosine-based motifs present in many proteins including low density lipoprotein (LDL) receptor and vesicular stomatitis virus glycoprotein (VSV G) and nontyrosine-based signals in polymeric immunoglobulin receptor (pIgR) and N-CAM; apical sorting signals, contained within the O-glycosylated stalk of p75 NTR ; and recessive basolateral signals, contained in cytoplasmic domains of p75 NTR and dipeptidyl peptidase IV (Weisz et al., 1992) . Only when none of these signals is present, as in the case of ⌬BS tail-minus p75 NTR , is the protein randomly delivered to the plasma membrane. However, it must be stressed that recessive basolateral sorting signals are not weak in activity, since ⌬BS p75 NTR is targeted to the basolateral surface with a fidelity of Ͼ90%. Also, the cytoplasmic domain of dipeptidyl peptidase IV is capable of directing a lysozyme fusion protein into the basolateral pathway with a fidelity of Ͼ90% (Weisz et al., 1992) . We suggest, rather, that this type of basolateral signal competes poorly for sorting machinery when a functional apical sorting determinant is present.
The nature of the recessive basolateral signal in the cytoplasmic domain of p75 NTR is unknown. It must be structurally distinct from tyrosine-dependent basolateral sorting signals because these are dominant over the apical signal contained within the serine/threonine-rich domain. This also suggests that the recessive basolateral signal in-teracts with a different set of basolateral sorting machinery than tyrosine-dependent signals. One type of sorting signal that could mediate targeting of stalk-minus p75 NTR is the dileucine motif, which mediates basolateral sorting of macrophage Fc receptors (FcRII-B2) in MDCK cells (Hunziker and Fumey, 1994; . This type of signal appears to utilize a distinct mechanism than that used by tyrosine-based sorting signals (Marks et al., 1996) . The cytoplasmic domain of p75 NTR contains three dileucine motifs (Johnson et al, 1986; Radeke et al., 1987) . If these mediate basolateral sorting of stalk-minus p75 NTR , then the dileucine motif might represent a type of basolateral sorting signal present on naturally occuring membrane proteins that are targeted basolaterally because they lack apical sorting information.
